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(54) Improvements in or relating to micro-mechanlcai devices 



(57) A non-linear torsion hinge (12. 22) for a micro- 
mechanical device (10, 20) having a hinged movable 
element (11, 21). Each hinge (22) is comprised of two 
hinge strips (22a) spaced apart in the same plane, such 
that the axis of rotation of at least one of the hinge strips 



(22a} is different from the axis of rotation of the movable 
element { 21), As a result, the hinge strip (22a) must 
elongate as it twists, thereby providing a greater restor- 
ing torque. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

Thisinvenlion relates to micro-mechanical devices, 
and more particularly, to such devices having one or 
more movable elements that rotate by means of a tor- 
sion hinge. 

BACKGROUND OF THE INVENTION 

A recent development In the field of electro- 
mechanics has been the miniaturization of various 
mechanical devices. Typical of such devices are tiny 
gears, levers, and valves. These "micro-mechanical" 
devices are manufactured using integrated circuit tech- 
niques, often together with electrical control circuitry. 
Common applications include accelerometers, pressure 
sensors, and actuators. As another eixample. spatial 
light modulators can be configured from micro-mechan- 
ical reflective miror elements. 

One type of micro-mechanical device Is a digital 
micro-min'or device (DMD). sometimes refenred to as a 
deformable mirror device. The DMD has an an'ay of 
hundreds or thousands of tiny tilting mirrors. Light inci- 
dent on the DMD is selectively reflected or not reflected 
from each mirror to an image plane, to form Images. To 
permit the min-ors to tilt each mirror is attached to one 
or more torsion hinges. The mirrors are spaced by 
means of air gaps, over underlying control circuitry. The 
control circuitry provides electrostatic forces, which 
cause each mirror to selectively tilt. For optimal opera- 
tion, each mirror should promptiy return to Its untiKed 
(equilibrium) position when desired. 

Other micro-mechanical devices can be envisioned 
that also use torsion hinges. As witii tiie DMD, it is desir- 
able to design hinges tiiat are self-restoring to ttieir 
equilibrium position. 

SUMMARY OF THE INVENTION 

One aspect of the invention is an improved micro- 
mechanical device of a type having at least one rotating 
element that is supported by a torsion hinge, such that 
the rotating element may rotate about an axis of rota- 
tion. The hinge is comprised of at least two hinge strips. 
These hinge strips are spaced apart in the same plane, 
such that the axis of rotation of at least one of tiie hinge 
strips is substantially parallel to, but offset from, the axis 
of rotation of the rotating element. 

An advantage of the invention is ttiat it provides a 
hinge whose torque increases non-linearly with the 
angle of rotation of the rotating element to which the 
hinge is attached. For a hinge that is operated by means 
of electrostatic attraction, this non-linear torque conre- 
spends to the non-linear force of tiie applied electric 
field. As a result, the hinge has greater restoring force, 
and tiie applied force for initializing rotation can remain 
relatively small. A rotating element that lands on 



another surface will land less abruptiy. 
BRIEF DESCRIPTION OF THE DRAWINGS 

5 The present invention will now be further described, 
by way of example, with reference to the accompanying 
drawings in which; 

FIGURE 1 is an exploded perspective view of a hid- 
10 den hinge type mirror element of a digital micro-mir- 
ror device (DMD), having non-linear hinges in 
accordance with the invention; 

FIGURE 2 Is a perspective view of a torsion beam 
IS type minror element of a DMD, having non-linear 
hinges in acconiance with the invention; 

FIGURE 3 illustrates the hinges of FIGURES 1 and 
2 in further detail; 

20 

FIGURE 4 illustrates an alternative embodiment of 
tiie hinges of FIGURES 1 and 2; 

FIGURE 5 Illustrates an alternative type of non-lin- 
25 ear hinge; and 

FIGURE 6 illustrates the non-linear torque-angle 
relationship of a micro-mechanical hinge in accord- 
ance with the invention, as compared to a conven- 
30 tional micro-mechanical hinge. 

DETAILED DESCRIPTION OF THE INVENTION 

For the purpose of example, the following descrip- 

35 tion is In terms of a particular type of micro-mechanical 
device, a "digital micro-min'or device" (DMD), some- 
times also referred to as a "defonmable mirror device". 
As desalbed in the Background, a DMD Is comprised of 
tiny hinged mirrors, each supported over a substrate of 

40 control circuitry The invention is directed to an improved 
torsion hinge, where ttie term lorsion hinge' refers to a 
hinge that operates by twisting as opposed to bending. 

One application of DMDs Is for forming images, 
where the DMD has an array of deflectable mirrors that 

45 selectively reflect light to an image plane. The images 
formed by the DMD can be used in display systems or 
for non-Impact printing applications. Otiier applications 
of DMDs are possible that do not involve image forma- 
tion, such as optical steering, optical switching, and 

so accelerometers. In some of these applications, the '*mir- 
ror" need not be reflective. Also, in some applications, 
the DMD is operated in an analog rather than a digital 
mode. In general, tiie term "DMD** Is used herein to 
include any type of micro-mechanical device having at 

55 least one hinge-mounted deflectable element that is 
spaced by an air gap from a substi^te, relative to which 
it moves. 

The invention could also be useful for other types of 
micro-mechanical devices that have rotating elements 
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attached to torsion hinges. Like the DIVID's mirror ele- 
ments, other micro-mechanical devices may have rotat- 
ing parts whose motion is due to twisting of the torsion 
hinge. The same concepts as discussed herein for a 
DMD hinge could apply to any micro-mechanical torsion 5 
hinge. 

FIGURE 1 is an exploded perspective view of a sin- 
gle mirror element 10 of a DMD. In FIGURE 1, the mirror 
1 1 is undeflected. but as indicated by the arrows, its tor- 
sion hinges 12 permit it to be deflected in either of two 10 
directions. As indicated above, various DMD applica- 
tions may use such mirror elements 10 singly or in 
arrays. 

The mirror element 10 of FIGURE 1 is known as a 
"hidden hinge" mirror element. Other types of mirror ele- is 
ments 10 can be fabricated, including a "torsion beam" 
type, described below in connection with FIGURE 2. 
where the min'or is mounted directly to the hinges 
instead of over a yoke to which the hinges are attached. 
Various DMD types are described in U.S. Patent 20 
No.4,662,746, entitled "Spatial Light Modulator and 
Method"; U.S. Patent No. 4.956.610. entitled "Spatial 
Ught Modulator"; US. Patent No. 5.061.049 entitled 
"Spatial Light Modulator and Method"; US. Patent No. 
5,083.857 entitled "Multi-level Defonmable Mirror 2s 
Device"; and Published European Pat«it Document No. 
0,664,470. 

As with other hidden hinge DMD designs, the 
hinges 12 of mirror element 10 are supported by hinge 
support posts 13. which are formed on a substrate. 30 
Address electrodes 14 are supported by electrode sup- 
port posts 15, which are on the same level as hinges 12 
and hinge support posts 13. 

Min'or support post 16 is fabricated on a landing 
yoke 1 7. Landing yoke 1 7 is attach ed to one end of each 35 
of the two hinges 12. The other end of each hinge 12 is 
attached to a hinge support post 13. The hinge support 
posts 13 and the electrode support posts ISsupportthe 
hinges 12. address electrodes 14. and yoke 17 over a 
substrate having landing pads 18a and address elec- 40 
trodes 18b. When mirror 1 1 is tilted, the tip of the land- 
ing yoke 17 contacts a landing pad 18a of substrate 18. 
The landing pads 18a and address electrodes 18b have 
appropriate electrical connections to memory cells (not 
shown), which are typically fabricated within the same 4S 
substrate 18 using CMOS fabrication techniques. 

FIGURE 2 illustrates a mirror element 20 of a tor- 
sion beam type DMD. The hinges 22 are not hidden, but 
rather extend from opposing sides of mirror 21. Hinges 
22 are attached to hinge support posts 23. Address so 
electrodes 26 provide attractive forces for tilting the mir- 
ror 21, which touches a landing pad 27. The mirror ele- 
ment 20 is f^ricated over a substrate 28 of memory 
cells and control circuitry 

Many variations of the designs of FIGURES 1 and 2 55 
are possible. For example, the yoke 17 (or min^or 21) 
could be notched so that the hinges 12 (or 22) are set in. 
The hinges 12 (or 22) could be attached at a side of 
yoke 17 (or mirror 21) as in FIGURE 1 or at a corner as 



in FIGURE 2. Furthermore, the hinge attachment need 
not be at opposing corners or sides. The hinges could 
be attached so as to permit asynrunetric tilting. 

In operation for image display applications, and 
using an array of min'or elements 20 for example, a light 
source illuminates the surface of the DMD. A lens sys- 
tem may be used to shape the light to approximately the 
size of the array of mirror elements 20 and to direct this 
light toward them. Voltages based on data in the mem- 
ory ceils of substrate 28 are applied to the address elec- 
trodes 26. Electrostatic forces between the min^ors 21 
and their address electrodes 26 are produced by selec- 
tive application of voltages to the address electrodes 26. 
The electrostatic force causes each mirror 21 to tilt 
either about +10 degrees (on) or about -10 degrees 
(off), thereby modulating the light incident on the sur- 
face of the DMD. Light reflected from the "on" mirrors 21 
is directed to an Image plane, via display optics. Ught 
from tfie "off" mirrors 21 is reflected away from the 
image plane. The resulting pattern forms an image. The 
proportion of time during each image frame that a mirror 
21 is "on" determines shades of grey. Color can be 
added by means of a color wheel or by a three-DMD 
setup. 

In effect, the mirror 21 and its address electrodes 
26 form capacitors. When appropriate voltages are 
applied to mirror 21 and its address electrodes 26, a 
resulting electrostatic force (attracting or repelling) 
causes the mirror 21 to tilt toward the atti'acting address 
electrode 26 or away from the repelling address elec- 
trode 26. The mirror 21 tilts until its edge contacts an 
underlying landing pad 27. Once the electrostatic force 
between the address electrodes 26 and the mirror 21 is 
removed, the energy stored in tiie hinges 22 provides a 
restoring force to return the mirror 21 to an undeflected 
position. Appropriate voltages may be applied to the 
mirror 21 or address electrodes 26 to aid in retuming 
tiie min'or 21 to its undeflected position. 

One aspect of the invention is the recognition that 
as ttie mirror 21 (or yoke 17) rotates, tiie electric field 
increases non-lineariy. To prevent abrupt landings and 
to provide a strong restoring force, the hinges 22 (or 1 2) 
should respond non-linearly. As explained below, this is 
accomplished by making each hinge 12 and 22 from 
two adjacent hinge strips. 

FIGURE 3 illustrates mirror 21 and hinges 22 in fur- 
tiier detail. 

The yoke 17 and hinges 12 of rniror element 10 are 
structurally and operationally equivalent for purposes of 
tills invention. The axis of rotation of mirror 21 is along 
Y - Y. Each hinge 22 is comprised of a pair of hinge 
strips 22a. which are spaced apart In the same plane. 
Each hinge sfip 22a has its own axis of rotation. In the 
example of this description, the hinge strips 22a of each 
hinge are aligned, so that tiiere are two axes of rotation, 
h^ - h^ and h2 - h2. As illustrated, these axes of rotation 
are parallel to, but are displaced from, tiie axis of rota- 
tion of minx)r 21 . As a result during rotation of min'or 21 . 
tiie hinge strips 22a are elongated. The increased force 
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required to elongate the hinge strips 22a results in an 
increase in restoring torque. 

Hinges 22 in accordance with the invention can be 
incorporated into the DM0 fabrication process by etch- 
ing two hinge strips 22a per side of mirror 21 rather than s 
a one-piece hinga Atypical OhAD has a mirror 21 that is 
about 16 micrometers square. For this size mirror 21, 
hinge strips 22a have a width, w, of about 1 micrometer. 
Their length is about 4 micrometers. The distance 
between them, d, Is about 1 micrometer. The w and d io 
dimensions are limited by photo lithographic capabili- 
ties; better resolving capabilities might permit smaller 
dimensions. 

The amount of hinge elongation per degree of pixel 
rotation can be adjusted by the separation distance is 
between the hinge strips 22a in the hinge 22. A larger 
separation distance will produce a larger degree of non- 
linearity. A small angle approximation of the additional 
hinge elongation produced by a given separation dis- 
tance, d. is: 20 

^'etongatlon 

(dq/2L)^ 

where 

^elongation = elongation strain 2S 

d = separation distance between adjacent hinges 

q = mirror rotation angle 

L B hinge length . 
FIGURE 4 illustrates an altemative embodiment of 
hinges 22. Hinges 12 could be similarly modified, so 
Instead of being parallel to each other, the hinge strips 
22a in each hinge 22 form a V-shape. This design per- 
mits the hinge shape to accommodate surrounding 
structure. 

FIGURE 5 Illustrates a hinge 52 that Is an altema- ss 
tive embodiment of hinge 22. Instead of having two 
spaced hinge strips, each hinge 52 is wide. The ratio of 
its width to its length is sufficiently large so as to result 
in non-linear torque as the angle of rotation of mirror 21 
increases. Hinge 12 could be similariy modified. An 40 
example of a wide hinge 52 is one that is 2 micrometers 
wide and 4 micrometers long. 

FIGURE 6 Illustrates the torque-angle relationship 
between a non-tinear hinge in accordance with the 
invention and a conventional micro-mechanical hinge. 4S 
The non-linear hinge has two strips 1 micrometer wide, 
4 micrometers long, and 1 micrometer apart The linear 
hinge is a single piece 1 micrometer wide and 4 microm- 
eters long. For the linear hinge, whose axis of rotation 
conresponds to that of the min'or, the torque-angle rela- so 
tionship is linear. 

Although the invention has been described with ref- 
erence to specific embodiments, this description is not 
meant to be construed in a limiting sense. Various mod- 
ifications of the disclosed embodiments, as well as ss 
alternative embodiments, will be apparent to persons 
skilled in the art 



Claims 

1 . An micro-mechanical device comprising; 

at least one rotating element that is sipported 
by a hinge, said rotating element being rotatea- 
ble about an axis of rotation, and wherein said 
hinge comprises dimensions of width relative to 
length such that edges of said hinge undergo a 
non-linear elongation strain when said rotating 
element rotates. 

2. The device according to Claim 1, wherein said 
hinge comprise two or more hinge strips, said hinge 
strips being spaced apart such that the axis of rota- 
tion of at least one hinge strip is parallel to, but off- 
set from, the axis of rotation of said rotating 
element 

3. The device according to Claim 2, wherein said 
hinge strips are substantially parallel. 

4. The device according to Claim 2, wherein said 
hinge strips substantially form a V-shape. 

5. TTie device according to any of Claims 2 to 4, 
wherein said hinge strips have a width of approxi- 
mately 1 micrometer. 

6. The device according to any of Claims 2 to 5. 
wherein said hinge strips are spaced approximately 
1 micrometer apart. 

7. The device according to any of Claims 2 to 6, 
wherein at least one hinge strip has a ratio of width 
to length of approximately 1 :4 or less. 

8. The device according to any preceding claim, 
wherein said hinge has a ratio of width to length that 
is greater tiian 1 :2. 

9. The device according to any preceding claim, 
wherein said hinge has dimensions of approxi- 
mately 2 micrometers in width and 4 micrometers in 
length. 

ia A digital micro-mirror device (DMD) comprising; 

at least one landing electrode; 
a support post; 

at least one hinge extending from said support 
post; said hinge being deformable so as to per- 
mit a mirror attached thereto to move towartj 
said landing electrode upon being subjected to 
an applied force; and 

said hinge having dimensions of width relative 
to length such that edges of said hinge undergo 
a non-linear elongation strain when said hinge 
deforms. 
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11. The device according to Claim 10, wherein said 
hinge comprises at least two hinge strips, said 
hinge strips being spaced apart such that the axis 
of rotation of at least one hinge strip is parallel to. 
but offset from the axis of rotation of a rotating ale- 5 
menl 



12. The device according to Claim 11. wherein said 
hinge strips are substantially parallel. 

10 

13. The device according to Claim 11. wherein said 
hinge strips substantially form a V-shape. 

14. The device according to any of Claims 11 to 13, 
wherein said hinge strips each have a width of 75 
approximately 1 miaometer. 

15. The device according to any of Claims 11 to U. 
wherein said hinge strips are spaced approximately 

1 micrometer apart. 20 

16. The device according to any of Claims 11 to 15. 
wherein said hinge strips each have a ratio of width 
to length of approximately 1 :4 or less. 

25 
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FIG. 6 
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